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
5DQGRP ERQG ,VLQJ V\VWHPV RQ D JHQHUDO KLHUDUFKLFDO ODWWLFH DUH FRQVLGHUHG 7KH
LQHTXDOLW\ EHWZHHQ WKH VSHFLILF KHDW H[SRQHQW RI WKH SXUH V\VWHP SD  DQG WKH FURVVRYHU
H[SRQHQW I  ID dS JLYHVULVHWRWKHSRVVLELOLW\RIDQHJDWLYH SD DORQJZLWKDSRVLWLYHI 
OHDGLQJ WR UDQGRPFULWLFDOLW\ LQGLVDJUHHPHQWZLWK WKH+DUULVFULWHULRQ$QH[SOLFLWH[DPSOH
ZKHUHWKLVUHDOO\KDSSHQVIRUDQ,VLQJV\VWHPLVSUHVHQWHGDQGGLVFXVVHG,QDGGLWLRQWRWKDW
LW LV VKRZQ WKDW LQ WKH SUHVHQFH RI IXOO ORQJUDQJH FRUUHODWLRQV WKH FURVVRYHU H[SRQHQW LV
ODUJHUWKDQLQWKHXQFRUUHODWHGFDVH

 
2QH RI WKHPRVW IDPRXV DQG LPSRUWDQW UHVXOWV LQ WKH VWXG\ RI V\VWHPV DIIHFWHG E\
TXHQFKHGGLVRUGHU LV WKH+DUULV FULWHULRQ >@7KHZLGHO\DFFHSWHG IRUPRI WKHFULWHULRQ LV
WKDW LQ IHUURPDJQHWLF V\VWHPVZLWK UDQGRP LQWHUDFWLRQV WKH UDQGRPQHVV LV LUUHOHYDQW LI SD 
WKHVSHFLILFKHDWH[SRQHQWRI WKHFRUUHVSRQGLQJSXUHV\VWHP LVQHJDWLYHZKLOH IRUV\VWHPV
ZLWKSRVLWLYH SD WKHUDQGRPV\VWHPH[KLELWVGLIIHUHQWFULWLFDOEHKDYLRU6SHFLILFDOO\ SDI  
ZKHUHI LVWKHFURVVRYHUH[SRQHQWIURPSXUHWRUDQGRPFULWLFDOLW\,WLVVXUSULVLQJKRZHYHU
WKDWLQVSLWHRIWKHORQJWLPHVLQFHLWVSURSRVDODQGTXLWHDQXPEHURIDOWHUQDWLYHGHULYDWLRQV
>@ D ULJRURXV SURRI RI WKH +DUULV FULWHULRQ LV VWLOO ODFNLQJ ,Q IDFW WKH RQO\ ULJRURXV
UHVXOWV LQ WKLV ILHOG >@ \LHOG LQIRUPDWLRQ DERXW WKH H[SRQHQWV RI WKH UDQGRP V\VWHP
 U D  RU GU !Q  G EHLQJ WKH GLPHQVLRQ RI WKH V\VWHP ZLWKRXW UHODWLQJ WKRVH WR WKH
H[SRQHQWVRIWKHSXUHV\VWHP6RPH\HDUVDJRDFRXQWHUH[DPSOHWRWKH+DUULVFULWHULRQZDV
SUHVHQWHGIRU3RWWVPRGHOVRQDFHUWDLQKLHUDUFKLFDOODWWLFH+/>@,WZDVVKRZQWKDWIRUD
TVWDWH3RWWVPRGHOLWLVSRVVLEOHWRILQGDZLQGRZRIUDWKHUODUJHT¶VLQZKLFK SD LVQHJDWLYH
EXW WKHGLVRUGHU LV UHOHYDQW ,W LVXQFOHDUZKHWKHU WKH+DUULVFULWHULRQ LVDOVRYLRODWHG LQWKH
,VLQJPRGHO EHFDXVH LQ FRQWUDVWZLWKKLJKT3RWWVPRGHOV >@ LW LVTXLWHGLIILFXOW WRREWDLQ
QHJDWLYH SD ¶VLQ,VLQJV\VWHPV
7KHDERYHVLWXDWLRQPRWLYDWHG WKHSUHVHQWZRUNZKLFK\LHOGVVRPHULJRURXVUHVXOWV
UHJDUGLQJWKH+DUULVFULWHULRQIRUWKH,VLQJPRGHO%HFDXVHRQUHJXODUODWWLFHVDQ\DWWHPSWWR
REWDLQVRPHULJRURXV UHVXOWVYLDD UHQRUPDOL]DWLRQJURXS5*SURFHGXUHDWWKHSXUHIL[HG
SRLQW LV KDPSHUHGE\ WKH JHQHUDWLRQRI FRUUHODWLRQV , FKRVH WRZRUNRQJHQHUDO+/V7KLV
SURGXFHVH[DFWUHVXOWVEHFDXVHFRUUHODWLRQVDUHQRWJHQHUDWHGLQVXFKV\VWHPVXQGHU5*QRWH
WKDWVRPHGHULYDWLRQVRIWKH+DUULVFULWHULRQ>@DVVXPHWKHVDPHLQRQHZD\RUDQRWKHU
7KHUHVXOWV,REWDLQKHUHDUHWKHIROORZLQJ
 , GHILQH WZR UDQGRP LQWHUDFWLRQV WR EH IXOO\ FRUUHODWHG LI ERWK DUH LGHQWLFDO LQ HDFK
UHSUHVHQWDWLRQRIWKHUDQGRPQHVV,GHILQHWKHIXOOFRUUHODWLRQVDVORQJUDQJHGLIWKH\VXUYLYH
WKH UHQRUPDOL]DWLRQSURFHGXUH IRU DQ\ QXPEHU RI VWHSV ,Q WKH SUHVHQFH RI IXOO ORQJUDQJH
FRUUHODWLRQV WKHFURVVRYHUH[SRQHQW WREHGHQRWHGDV FRUUI  LV ODUJHUWKDQI  WKHFURVVRYHU
H[SRQHQWRIWKHXQFRUUHODWHGV\VWHP
 ([SOLFLW H[DPSOHV DUH FRQVWUXFWHG ZKHUH SD  LV QHJDWLYH EXW VWLOO WKH UDQGRPQHVV LV
UHOHYDQW7KLVLVWUXHIRUXQFRUUHODWHGDQGWKHFRUUHODWHGV\VWHPV
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)LJ$JHQHUDO+/LVGHVFULEHGVFKHPDWLFDOO\,QDWKHVKDGHGDUHDFRQVLVWVRIDVHWRIODWWLFH
SRLQWV ZKHUH VRPH RI WKH SDLUV DUH MRLQHG E\ ERQGV  ED  ,Q E D W\SLFDO VKDGHG DUHD LV
UHSUHVHQWHG7KHIXOOOLQHVDUHERQGVWREHLWHUDWHGLQFRQVWUXFWLQJWKHODWWLFH

&RQVLGHUDJHQHUDO+/GHVFULEHGVFKHPDWLFDOO\LQ)LJ7KHVKDGHGDUHDVKRZQLQD
FRQVLVWVRIDVHWRIODWWLFHSRLQWVZKHUHVRPHRIWKHSDLUVDUHMRLQHG,QEDW\SLFDOVKDGHG
DUHD LV UHSUHVHQWHG7KH OLQHVDUHERQGV WREH LWHUDWHGLQFRQVWUXFWLQJWKHODWWLFH$OOERQGV
FDUU\DFRXSOLQJ D- JRYHUQHGE\DGLVWULEXWLRQ  D-3  WKDW LV LGHQWLFDO IRUDOOERQGV7KH
UHQRUPDOL]HGFRXSOLQJLVJLYHQE\
`^a  D-I-             
ZKHUH IGHSHQGVRQO\RQFRXSOLQJVDVVRFLDWHGZLWKWKHSDLURI VLWHV  WKHVKDGHGDUHD
)LJ7KLV LPSOLHV WKDW LM-
a  DQG OP-
a  DUHQRWFRUUHODWHG LI WKH SDLUV LMDQG OPDUHQRW
LGHQWLFDO7KHUHQRUPDOL]HGGLVWULEXWLRQ aa -3 LVJLYHQE\
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aa 
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DQGPD\ VHUYH WR GHULYH DQ LQILQLWH VHWRI HTXDWLRQV IRU WKH UHQRUPDOL]HGPRPHQWV/HWXV
GHQRWH
L
L -  DG*            
ZKHUH DG- GHQRWHVWKHGHSDUWXUHIURPWKHSXUHIL[HGSRLQW
 -- D IRUDOOD 7KHUHFXUVLRQ
HTXDWLRQVIRUWKHPRPHQWVUHDG
@>a  *** LL *           
7KHSXUHIHUURPDJQHWLFIL[HGSRLQWLVDVVXPHGDW !- VRWKDW
 L*            
 
,Q D UHFHQW SDSHU >@ WKH IROORZLQJ UHVXOWV ZHUH SURYHG E\ FRQVLGHULQJ WKH PDWUL[
  a ML ** ww 
D7KHHLJHQYDOXHVRIWKHPDWUL[ LO DUHJLYHQE\
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7KH VXP LVRYHUDOOQERQGVD RI WKH UHVFDOLQJYROXPHDVVRFLDWHGZLWK WKHSDLU  WKH
VXSHUVFULSW³´LVRPLWWHGKHUHDIWHUDQGWKHSDUWLDOGHULYDWLYHLVWDNHQDWWKHSRLQWZKHUHDOO
WKRVHFRXSOLQJVHTXDO - 
E$OOWKHHLJHQYDOXHVDUHSRVLWLYH
F LL OO            
$VDFRQVHTXHQFHRIFWKHOHDGLQJFURVVRYHUH[SRQHQWLV
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DQG
S DI t            
ZKHUH SD  WKH VSHFLILF KHDW H[SRQHQW RI WKH SXUH V\VWHP PD\ EH HDVLO\ REWDLQHG E\
FRQVLGHUDWLRQRIWKHIUHHHQHUJ\SHUERQG
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
7KH HTXDOLW\ VLJQ LQ  KROGV RQO\ LI DOO WKH ERQGV LQ WKH VKDGHG DUHD RI )LJ D DUH
HTXLYDOHQW
:HWXUQQRZWRWKHFDVHZKHUHIXOOORQJUDQJHFRUUHODWLRQVDUHSUHVHQWLQWKHV\VWHP
,Q WKH IROORZLQJ , GHILQH IXOO ORQJUDQJH FRUUHODWLRQV IRU D JHQHUDO +/ &RQVLGHU D +/
JHQHUDWHG XVLQJ VRPH VSHFLILF JHQHUDWRU VXFK DV WKH RQH SUHVHQWHG LQ )LJ D ZKHUH DV
EHIRUH WKH GLIIHUHQW D- ¶V   D  KHUH UHSUHVHQW WKH LQGHSHQGHQW UDQGRP LQWHUDFWLRQV
DWWDFKHG WR WKH GLIIHUHQW ERQGV ,Q )LJ E VRPH RI WKHVH ERQGV DUH WDNHQ WR EH IXOO\
FRUUHODWHGQDPHO\ERQGVD DQG E DUHIXOO\FRUUHODWHGLIVD\ DE --  VRWKDWLQGHHGWKHUH
LV RQO\ RQH LQGHSHQGHQW UDQGRPYDULDEOH VD\ D-  ,QRUGHU IRU WKLVSURSHUW\ WRVXUYLYH WKH
UHQRUPDOL]DWLRQSURFHGXUHWKHERQGVKDYHWREHGLVWULEXWHGLQVXFKDZD\WKDWWKLVSURSHUW\
LVWUXHRQDOOVFDOHV>DVGHPRQVWUDWHGLQ)LJF@,QWKLVZD\FRUUHODWLRQVDUHQRQORFDODWDOO
VFDOHVDQGWKXVORQJUDQJHG
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)LJ,QDDQH[DPSOHRID+/JHQHUDWHGXVLQJVRPHVSHFLILFJHQHUDWRULVJLYHQ7KHGLIIHUHQW
D- ¶V  D KHUHUHSUHVHQWWKHGLIIHUHQWUDQGRPLQWHUDFWLRQVDWWDFKHGWRWKHERQGV,QE
VRPH RI WKH ERQGV DVVRFLDWHG ZLWK WKDW JHQHUDWRU DUH WDNHQ WR EH IXOO\ FRUUHODWHG WKDW LV WKH
LQWHUDFWLRQV D- DWWDFKHG WRWKHVHERQGVDUH WDNHQWREH LGHQWLFDO7KLVPXVWKROGDWDOOVFDOHV LQ
RUGHU IRU WKH FRUUHODWLRQV WR EH QRQORFDO DQG VXUYLYH WKH UHQRUPDOL]DWLRQ SURFHGXUH ,Q FZH
]RRPLQRQRQHUHQRUPDOL]DWLRQVWHSRIDSRVVLEOHFRQILJXUDWLRQ WKDWJHQHUDWHVVXFKFRUUHODWLRQV
7KHERQGVDUHGLVWULEXWHG LQVXFKDZD\ WKDW WKH LQLWLDOVHWXSRIFRUUHODWHGERQGVGHILQHGRQ WKH
JHQHUDWRU VKRZQ LQ E UHPDLQV WUXH RQ DOO VFDOHV ,Q WKLVZD\ FRUUHODWLRQV DUH QRQORFDO RQ DOO
VFDOHVDQGWKXVORQJUDQJHG

/HW XV DVVXPH WKHQ WKDW WKH Q ERQGV LQVLGH D UHVFDOLQJ YROXPH DUH GLYLGHG LQWRP
VXEVHWV W: ZLWK PW  DQG QP dd HDFKFRQWDLQLQJ WQ IXOO\FRUUHODWHGERQGVVRWKDW
QQ
P
W W  ¦   :HFDQZULWH
`^`^ W-J-I  D          
EHFDXVHDOOWKHFRXSOLQJVLQ W: HTXDO W- )LQDOO\ZHXVH(TIRUWKH LO ¶VWRZULWH
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FRUU  XQFRUUHODWHG   
7KLVLVWUXHVLQFH tDI IRUDOOD ¶V>@7KHLQHTXDOLW\ FRUUII d WKXVLPPHGLDWHO\IROORZV
DQG WKH HTXDOLW\ VLJQ KROGV RQO\ LIQRFRUUHODWLRQVDUHSUHVHQW$VSHFLDOFDVHRI WKHDERYH
LQHTXDOLW\ZDVREWDLQHGDORQJWLPHDJRE\$QGHOPDQDQG$KDURQ\>@8VLQJWKH0LJGDO
.DGDQRII 0.UHQRUPDOL]DWLRQVFKHPH WKH\FRQVLGHUHGGGLPHQVLRQDOFXELFV\VWHPVZLWK
TXHQFKHG ERQG GLVRUGHU WKDW DUH FRUUHODWHG DORQJ G  GLPHQVLRQV DQG VKRZHG WKDW WKH
FURVVRYHU H[SRQHQW DQG WKXV WKH +DUULV FULWHULRQ DUH PRGLILHG UHVSHFWLYHO\ WR
SSFRUU QDI G  DQG  S  QGG  6LQFH WKH 0. WUDQVIRUPDWLRQ SHUIRUPHG RQ D
UHJXODU ODWWLFH FRUUHVSRQGV WR DQ H[DFW 5* WUDQVIRUPDWLRQ SHUIRUPHG RQ D GLDPRQG +/
 
>@ IRU ZKLFK DOO ERQGV DUH HTXLYDOHQW DQG WKXV ID  S  WKHLU UHVXOW UHDGV
IQII t FRUU G 
,Q WKH IROORZLQJ , SUHVHQW DQ ,VLQJ V\VWHP IRU ZKLFK SD  LV QHJDWLYH ZKLOH I  LV
SRVLWLYH&RQVLGHU WKH+/JHQHUDWHGXVLQJWKHJHQHUDWRUSUHVHQWHGLQ)LJ,W LVPDGHRIS
SDUDOOHO EUDQFKHVHDFKRIZKLFKFRQWDLQVD VLQJOHVLWHFRQQHFWHGRQRQHVLGHZLWKD VLQJOH
ERQGDQGRQLWVRWKHUVLGHZLWKTSDUDOOHOERQGV7KHUHVFDOLQJYROXPHLVWKHQ   TSQ 
DQGGHQRWLQJ DDE .- { WKHUHQRUPDOL]HGFRXSOLQJLVJLYHQE\
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7DNLQJ WKH ILUVWSDUWLDOGHULYDWLYHVRI(T ZLWK UHVSHFW WR D. DQG DE. DQGXVLQJ(T
WKHIROORZLQJH[SUHVVLRQLVREWDLQHGIRUWKHHLJHQYDOXHV
   ^ `LLLL .T.TT.T.T
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SD DQG I DUHQH[WFDOFXODWHGDFFRUGLQJWR(TVDQG1XPHULFDOUHVXOWVIRU
.  SD 
DQG I  DUH JLYHQ LQ7DEOH  IRU GLIIHUHQW YDOXHV RIS DQGT1RWH WKH FHOOV HPSKDVL]HG LQ
JUD\ZKHUHWKH+DUULVFULWHULRQPLVWDNHQO\LQGLFDWHVSXUHFULWLFDOLW\
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)LJ$+/JHQHUDWRULVVKRZQWKDWLVFDSDEOHRIGHPRQVWUDWLQJH[DPSOHVIRUWKH,VLQJPRGHOIRU
ZKLFKWKH+DUULVFULWHULRQIDLOVWRSUHGLFWUDQGRPFULWLFDOLW\,WLVPDGHRISSDUDOOHOEUDQFKHVHDFK
RIZKLFKFRQWDLQVDVLQJOHVLWHFRQQHFWHGRQRQHVLGHZLWKDVLQJOHERQGDQGRQLWVRWKHUVLGHZLWK
TSDUDOOHOERQGV,QDWKHSSDUDOOHOEUDQFKHVDUHVKRZQ(DFKRIWKHEROGERQGVUHSUHVHQWVDVHW
RITSDUDOOHOERQGVDVH[SOLFLWO\GUDZQLQE
 

,DOVRFRQVLGHUHGDQH[DPSOHIRUWKHFDVHZKHUHVRPHRIWKHERQGVDUHIXOO\FRUUHODWHG
)RUVLPSOLFLW\,KDYHFKRVHQWKHFDVHLQZKLFKWKHTSDUDOOHOERQGVRIHDFKRIWKHSEUDQFKHV
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